Translation of Ribosomal Protein coding mRNAs (RP-mRNAs) constitutes a key step in regulation of ribosome biogenesis, but the mechanisms which modulate RP-mRNAs 20 translation under various cellular and environmental conditions are poorly understood. Here we show that the subcellular localization of RP-mRNAs acts as a key regulator of their translation in migrating cells. As cells migrate into their surroundings, RP-mRNAs localize to the actin-rich protrusions at the front the cells. This localization is mediated by La related protein-6 (LARP6), an RNA Binding Protein that is enriched in protrusions. Protrusions act as 25 hotspots of translation for localized RP-mRNAs, resulting in enhancement of RP synthesis, upregulation of ribosome biogenesis, and increased overall protein synthesis of migrating cells in a LARP6 dependent manner. In human breast carcinomas, Epithelial to Mesenchymal Transition (EMT) upregulates LARP6 expression to enhance protein synthesis, and can be targeted using a small molecule inhibitor that interferes with LARP6 RNA binding. Our findings 30 reveal LARP6 mediated mRNA localization as a key regulator of ribosome biogenesis during cell-migration, and demonstrate a role for this process in cancer progression downstream of EMT.
Introduction
Ribosome biogenesis, the highly conserved process of synthesis, modification, and assembly of ribosomal RNA (rRNA) and protein (RP) components into mature ribosomal subunits, is elevated in nearly all human cancers (Ruggero and Pandolfi, 2003) . This upregulation is critical 40 for boosting protein synthesis, in order to maintain the increased anabolic demands of malignant cells (Pelletier et al., 2018) . Enhanced protein synthesis is particularly important for supporting invasion and metastasis in high-grade cancers (Hsieh et al., 2012; Mendillo et al., 2012) , although the mechanisms that allow invasive cancer cells to augment their ribosome biogenesis remain poorly understood. Crucially, regulation of rRNAs and RPs synthesis is 45 largely uncoupled in higher eukaryotes (Granneman and Tollervey, 2007) , with translation of RP-mRNAs acting as the key step in control of RP levels and ribosome biogenesis (Hsieh et al., 2012; Thoreen et al., 2012) .
It is now clear that rather than being uniformly distributed throughout the cytoplasm, the 50 majority of eukaryotic mRNAs exhibit specific subcellular localizations (Benoit Bouvrette et al., 2018; Lecuyer et al., 2007; Wang et al., 2012; Wilk et al., 2016) . Such localization can act as a means of localizing the encoded proteins (Zappulo et al., 2017) , or function instead as a mechanism for post-transcriptional regulation by modulating the access of mRNAs to different trans-acting factors (Kejiou and Palazzo, 2017; Pizzinga et al., 2019; Prasanth et al., 55 2005) . Interestingly, several studies have reported that RP-mRNAs can localize to various forms of cellular projections such as actin-rich protrusions at the front of mesenchymal-like migratory cells or axons of neurons (Andreassi et al., 2010; Briese et al., 2016; Gumy et al., 2011; Mardakheh et al., 2015; Mili et al., 2008; Saal et al., 2014; Shigeoka et al., 2016; Taylor et al., 2009; Wang et al., 2017; Zivraj et al., 2010) . Nevertheless, the molecular mechanism 60 and functional significance of RP-mRNAs localization has remained unclear.
Here we employed a subcellular multi-omics analysis to demonstrate that RP-mRNA localization to actin-rich protrusions is a universal feature of migratory cells. This localization is mediated via LARP6, a microtubule-associated RNA Binding Protein (RBP) that binds to RP- the panel of cell-lines outlined in (B) (Dataset S1). RP-mRNAs are highlighted in green. Benjamini-Hochberg corrected P-values of the RP-mRNA enrichments in protrusions are reported on top of each chart. *MDA-MB231 data was obtained from (Mardakheh et al., 2015) (D) Validation of RP-mRNA localization to protrusions by RNA-FISH. Representative RNA-FISH confocal images of protrusions and cell-bodies of MDA-MB231 cells, stained with probes against the indicated RP-mRNAs, or ITG4B mRNA as negative control (Green). Cell boundaries (dashed 105 lines) were defined by co-staining of the cells with anti-tubulin antibody or CellTracker. The filters (grey) were visualized by transmitted light microscopy. (E) Quantification of protrusion to cell-body RNA-FISH ratio values from experiments shown in (D) . A total of 6-10 field of view images from two biological replicate experiments were quantified per each probe. (F) RP-mRNAs localize to the protrusions of MDA-MB231 cells as they invade through 3D collagen-I matrix. Representative RNA-FISH images of MDA-MB231 cells invading through 3D 110 Collagen-I gels as described in Fig. S1D , stained with probes against the indicated RP-mRNAs or ITG4B mRNA as negative control (Green). Cell boundaries (dashed lines) were defined from co-staining with anti-tubulin antibody. (G) Quantification of the polarization index (PI) values (Park et al., 2012) for the experiments shown in (F), as a measure of displacement of mRNAs away from the cell-body. Each data point represents the PI value for a single quantified cell. All scale bars are 10 µm. Red dashes on strip charts represent the mean. 115 Next, we validated our RNA-seq results by RNA-Fluorescence In Situ Hybridization (FISH). We used specific RNA-FISH probes against five of the top protrusion enriched RP-mRNAs in the RNA-seq data from MDA-MB231 cells (Dataset S1). All five RP-mRNAs were also found to be 120 enriched in protrusions of MDA-MB231 cells by RNA-FISH ( Figure 1D, 1E , & S1A). In contrast, ITGB4 mRNA, which was found to be depleted from protrusions of MDA-MB231 cells by RNAseq (Dataset S1), did not show an enrichment in protrusions by RNA-FISH ( Figure 1D, 1E , & S1A). We then assessed the temporal dynamics of RP-mRNAs localization to protrusions. Time-course induction of protrusions followed by RNA-FISH revealed RP-mRNAs to be 125 enriched from as early as one hour post induction ( Figure S1B & S1C). This enrichment was persistent for up to 8 hours ( Figure S1B & S1C) , suggesting that the localization of RP-mRNAs to protrusions in not a transient phenomenon.
To confirm that the observed enrichment of RP-mRNAs is not restricted to transwell settings, 130 we next assessed the localization of RP-mRNAs in actively migrating MDA-MB231 cells. We chose to assess cell-migration in 3D as it is more relevant to the movement of cells in vivo (Sahai, 2005) . Moreover, protrusion formation through micro-porous filters is particularly a good mimic for protrusion formation in 3D matrices where cells similarly extend through matrix pores and holes (Mardakheh et al., 2015) . RNA-FISH analysis of MDA-MB231 cells 135 invading through a 3D collagen-I matrix ( Figure S1D ) revealed RP-mRNAs to be highly enriched at the tip of cell-protrusions ( Figure 1F , & 1G). In contrast, ITGB4 mRNA remains mostly localized to the perinuclear region within the cell-body ( Figure 1F , & 1G). Collectively, these results suggest that RP-mRNAs localization to protrusions is a conserved and persistent feature of mesenchymal-like cells migrating in 3D.
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Depletion of LARP proteins reveals a role for LARP6 in RP-mRNAs localization to protrusions
We next set out to determine the molecular mechanism of RP-mRNAs localization to protrusions. Localization of mRNAs is driven by specific RBPs which bind to and mediate transport or subcellular anchoring of their target transcripts (Eliscovich and Singer, 2017) . We 145 therefore hypothesized that specific protrusion localized RBPs must be interacting with and localizing RP-mRNAs to protrusions. As RP-mRNAs localization was conserved across all the cell-lines we tested ( Figure 1C ), such localizing RBPs must also be present in protrusions of all them. To reveal conserved protrusion localized RBPs, we first profiled the distribution of proteins between protrusions and cell-bodies in our panel of cell-lines by tandem mass 150 tagging (TMT) quantitative proteomics (McAlister et al., 2012) (Figure 2A & Dataset S2). We then evaluated which known RBPs were enriched in protrusions of all the cell-lines ( Figure  2A) . A total of 96 RBPs were identified, several of which belong to structurally/functionally related categories (Figure 2A ). These include translation initiation factors, translation elongation factors, Exosome core complex, Cold-Shock Domain (CSD) containing proteins, and 155 the La Related Proteins (LARPs) (Figure 2A ). Crucially, the prototypical LARP family member, LARP1, has been previously shown to directly interact with RP-mRNAs through their 5' Terminal Oligo-Pyrimidine (5' TOP) motif, a characteristic stretch of 6-12 pyrimidines at the 5′ end of many mRNAs which code for proteins involved in the translation machinery (Fonseca et al., 2015; Lahr et al., 2017; Tcherkezian et al., 2014) . This interaction is known to be 160 regulated by the mammalian Target of Rapamycin Complex-1 (mTORC1), ultimately acting to control RP-mRNAs translation and ribosome biogenesis downstream of the mTORC1 pathway (Hong et al., 2017) . We therefore assessed whether LARP1 was important for RP-mRNAs localization to protrusions, using an RNA-FISH probe against RPL34 mRNA, which is one of the most enriched RP-mRNAs in protrusions of MDA-MB231 cells ( Figure 1D ). siRNA mediated 165 depletion of LARP1 did not have an impact on RPL34 mRNA localization to protrusions (Figure 2B & 2C) . Accordingly, inhibition of mTORC1 did not affect RPL34 mRNAs localization to protrusions ( Figure S2A -C), together suggesting that RP-mRNAs localization must be independent of the mTORC1-LARP1-TOP pathway. according to Gene Ontology (GO) Molecular Function database, which were found to be present more in protrusions of all cell-lines, are listed in the red rectangle. RBPs belonging to the same structural/functional families are grouped together. *MDA-MB231 data was obtained from (Mardakheh et al., 2015) (B) siRNA screening reveals LARP6 as a crucial regulator of RP-mRNA localization to protrusions. Representative RNA-FISH images of RPL34 mRNA in protrusions of MDA-MB231 cells (green) transfected with non-targeting (NT) control 180 or indicated siRNAs. Cell boundaries (dashed lines) were defined from co-staining with anti-tubulin antibody. The transwell filters (grey) were visualized by transmitted light microscopy. (C) Quantification of RPL34 mRNA enrichment in protrusions from experiments shown in (B). Each data-point represents a field of view image, pooled from three biological replicates. P-values were calculated using two-tailed homoscedastic t-test. ***P<0.001. (D) Validation of LARP6 by three independent siRNAs. Representative RNA-FISH images of RPL34 185 mRNA in protrusions of MDA-MB231 cells (green) transfected with control or three independent LARP6 siRNAs. Cell boundaries (dashed lines) were defined from co-staining with anti-tubulin antibody. The transwell filters (grey) were visualized by transmitted light microscopy. (E) Quantification of RPL34 mRNA enrichment in protrusions from experiments shown in (D). Each data-point represents a field of view image, pooled from two independent biological replicates. P-values were calculated using two-tailed homoscedastic t-test. **P<0.01. (F)
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LARP6 depletion prevents RP-mRNAs localization to protrusions of 3D invading MDA-MB231 cells. Representative RNA-FISH images of RPL34 mRNA distributions in NT or LARP6 siRNA transfected cells (green) invading through 3D Collagen-I matrix, as described in Fig and Genomes (KEGG) databases, with similar categories being highlighted in the same colors (Dataset S4). Upon knockdown of LARP6 with two independent siRNAs, mRNAs coding for ribosomal and translation-related categories (green) change in an anti-correlative fashion, suggestive of mis-localization. All other significantly altered categories change in a correlative fashion, suggesting that their levels have changed throughout the cell. All scale bars are 10 µm. Red dashes on strip charts represent the mean.
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We next assessed whether any of the other protrusion enriched LARP family members could be important for RP-mRNAs localization. We systematically depleted the LARP family members which were found to be enriched in protrusions of all our cell-lines (Figure 2A ), as 215 well as LARP1B which was found as enriched in five out of the six lines but not identified in the remaining (Dataset S2). Only the depletion of LARP6 resulted in a significant decrease in protrusion localization of RPL34 mRNA ( Figure 2B & 2C) . This decrease was reproduced by three independent siRNAs against LARP6, all of which significantly reduced RPL34 mRNA localization to protrusions ( Figure 2D , 2E & S2D). Importantly, depletion of LARP6 did not have 220 an impact on the ability of the cells to form protrusions per se ( Figure S2E ), suggesting that its effect must be specific to mRNA localization. Localization of RPL34 mRNA to protrusions of 3D invading MDA-MB231 cells was also significantly reduced upon LARP6 depletion ( Figure  2F To confirm that the impact of LARP6 depletion was not restricted to just one RP-mRNA (i.e. RPL34), we carried out an RNA-seq analysis of protrusion and cell-body fractions from control and LARP6 knockdown cells. Depletion of LARP6 by two independent siRNAs resulted in a 230 significant decrease in levels of RP-mRNAs in the protrusion fraction of MDA-MB231 cells ( Figure 2H and Dataset S3). This decrease was concomitant with an increase in the RP-mRNA levels in the cell-body fraction ( Figure 2I and Dataset S3), strongly suggesting that LARP6 depletion must be resulting in mis-localization of RP-mRNAs from protrusions to cell-bodies. Accordingly, 2-Dimensional annotation enrichment analysis (Cox and Mann, 2012) revealed 235 RP-mRNA and translation related categories to be specifically regulated in an opposite manner in protrusion and cell-bodies following LARP6 depletion ( Figure 2J and Dataset S4). Notably, quantitative proteomics analysis of the protrusion and cell-body fractions following LARP6 depletion showed no significant impact on the subcellular distribution of the proteome ( Figure S2I ), suggesting that LARP6 depletion does not change the protein composition of 240 protrusions, but affects localization of specific categories of mRNAs.
Transcriptome-wide iCLIP studies reveal direct binding of LARP6 to RP-mRNAs
We next investigated the localization and function of LARP6. To study the subcellular localization of LARP6, we used immunofluorescence (IF) staining with a specific antibody 245 against LARP6 ( Figure S3A & S3B). LARP6 was found to be localized to granules which closely track microtubules ( Figure 3A ). As many RBPs that are involved in RNA localization are known to be associated with the microtubule transport machinery (Bullock, 2011), these results support a role for LARP6 in RNA localization. Furthermore, in agreement with proteomics enrichment of LARP6 in protrusions ( Figure S3C ), IF analysis revealed LARP6 granules to be 250 highly enriched in protrusions ( Figure 3B & 3C) . Importantly, a fraction of RPL34 mRNA colocalizes with LARP6 granules, with the co-localization being significantly enhanced in protrusions ( Figure 3D & 3E) . Given the co-localization of RP-mRNAs with LARP6 granules in protrusions, we wished to determine whether they directly interact. Collagen type I alpha-1 and alpha-2 (COL1A1 & COL1A2) mRNAs have so far been the only known mRNA partners of 255 LARP6 (Cai et al., 2010; Martino et al., 2015) . LARP6 was shown to bind a conserved stem loop in the 5'UTR of COL1A1 & COL1A2 mRNAs and stimulate their translation (Blackstock et al., 2014) . However, COL1A1 and COL1A2 mRNAs were enriched in the cell-bodies of the many cell lines we examined in our study ( Figure S3D ), indicating that other mRNA partners are likely to be relevant for the LARP6 function in protrusions. We used MDA-MB231 cells that 260 stably express GFP tagged LARP6 or GFP alone as control ( Figure S3E ), and exposed them to a short dose of UV-C light to crosslink direct protein-RNA interactions We then performed individual-nucleotide resolution UV crosslinking and immunoprecipitation (iCLIP) (Konig et al., 2010) by purifying the crosslinked LARP6-RNA complexes using anti-GFP beads, and identifying the RNA binding sites of LARP6 across the transcriptome. In agreement with LARP6 265 cytoplasmic localization ( Figure 3A ), its crosslinking was strongly enriched on exons compared to introns ( Figure S3F ). Amongst mRNAs, crosslinking on 3'UTRs was 2-3 fold higher compared to 5'UTR and Open Reading Frame (ORF) sequences ( Figure S3F ). Analysis of crosslink sites at aligned 5'UTR sequences revealed spikes of LARP6 specific crosslinks at the vicinity of the transcription start site (TSS) ( Figure 3F ). A clear spike of LARP6 specific crosslinks was also 270 observed at the translation start site ( Figure 3G ), whilst no apparent positional bias was evident in distribution of LARP6 crosslinks at the 3'UTR ( Figure 3H ).
Next, we searched for clusters of LARP6 crosslinking across the genome, which identified 18390 peaks corresponding to likely LARP6 binding sites (Dataset S5). These peaks mapped 275 to a total of 5436 genes (Dataset S6), the vast majority of which were protein coding ( Figure  3I ). Category enrichment analysis revealed RP coding transcripts (i.e. RP-mRNAs) as the most enriched category ( Figure 3J & Dataset S7), with LARP6 iCLIP peaks found in 73 out of 80 RP-mRNAs (Dataset S6). Other significantly enriched categories included transcripts involved in RNA processing, intracellular trafficking, cell migration, adhesion, and Extracellular Matrix 280 (ECM), among others ( Figure 3J & Dataset S7). Together, these results reveal that LARP6 binds a plethora of transcripts that are important for regulation of cell-proliferation and migration, with RP-mRNAs constituting the most enriched category.
We then investigated the mechanism of LARP6 binding and regulation of RP-mRNAs. Most 285 iCLIP peaks within RP-mRNAs were located in the ORF, with the remaining peaks mainly mapping to the 5'TOP motif, followed by the 3'UTR, and a minor proportion to regions downstream of 5'TOP in the 5'UTR ( Figure 3K ). Most RP-mRNAs contained multiple LARP6 iCLIP peaks which often mapped to different regions (e.g. ORF and 5'TOP together) ( Figure 3L & S3G). We also detected LARP6 peaks within introns of 43 RP genes, but the majority of these 290 peaks fully overlapped with 37 annotated Small nucleolar RNAs (SNORs) that are encoded within the introns of RP genes ( Figure 3L & S3G) . The positioning of these peaks indicates that LARP6 also binds to SNORs that are processed from the introns of RP-mRNAs.
As the 5'TOP motif is the most characteristic sequence feature within RP-mRNAs, we next 295 investigated whether this motif alone could be sufficient for localizing mRNAs to protrusions. We used an MS2 based live-cell single molecule RNA imaging system (Bertrand et al., 1998) to visualize the subcellular localization of reporter mRNAs that contain either a wild-type (WT) or a mutant (MUT) 5'TOP motif (Gentilella et al., 2017) . We engineered MDA-MB231 cells to stably co-express a GFP tagged MS2 Coat Protein (GFP-MCP) with doxycycline inducible WT 300 or MUT 5'TOP mRNA reporters containing the ORF region of β-globin followed by twelve MS2 hairpin repeats in their 3'UTR (Gentilella et al., 2017) ( Figure 3M ). In the absence of doxycycline, GFP-MCP exhibited a strong nuclear enrichment, which is due to the presence of a Nuclear Localization Signal (NLS) (Bertrand et al., 1998) , along with a diffuse cytoplasmic localization pattern ( Figure S3H & Movie S1). Upon induction of the WT 5'TOP reporter, GFP-305 MCP associated with the MS2 repeats, allowing visualization of individual mRNAs molecules as GFP positive cytoplasmic particles ( Figure S3H & Movie S2). A similar pattern was observed with the MUT 5'TOP reporter ( Figure S3I , Movies S3 & S4), demonstrating that the ability of cells to express the reporter mRNAs is not impacted by the 5'TOP motif. Nevertheless, when cells were allowed to form protrusions through transwell filters, significantly more mRNA 310 molecules could be detected in the protrusions with the WT 5'TOP reporter in comparison to MUT 5'TOP ( Figure 3N & 3O, Movies S5 & S6). These results demonstrate that a single 5'TOP motif is sufficient to confer mRNA localization to protrusions. 315 After revealing the RNA interactome of LARP6, we next set out to investigate its proteinprotein interactions, using immunoprecipitation coupled with mass spectrometry (IP-MS). MDA-MB231 cells stably expressing GFP-LARP6 or GFP only as control were subjected to GFP immunoprecipitation, and specifically interacting proteins were revealed by label-free quantification (Hein et al., 2015) . A total of 35 proteins were identified as significantly 320 interacting with GFP-LARP6 ( Figure 4A & Dataset S8). These included STRAP (also known as UNRIP), a previously known interacting partner of LARP6 (Vukmirovic et al., 2013) , several known protrusion enriched RBPs such as IGF2BP2, FXR1, FXR2 (Mardakheh et al., 2015) , as well a number of cytoskeleton-associated proteins such as CAPZB, CDC42BPB, and MAP4 ( Figure 4A & Dataset S8). second intervals, were quantified. The number of discrete single-molecule particles identified at every frame image were calculated and normalized to the protrusion area to determine mRNA molecule density in protrusions. The P-value was calculated using a two-tailed, homoscedastic t-test. All scale bars are 10 µm. Red dashes on strip charts represent the mean. ___________________________________________________________________________ 370 We then determined the relative stoichiometry of LARP6 interactors using a computational approach based on intensity-based absolute quantification (iBAQ) (Smits et al., 2013) . STRAP was found to be in complex with LARP6 in a super-stoichiometric manner, with every LARP6 molecule being associated with one to two STRAP molecules ( Figure 4B) . In contrast, all 375 remaining LARP6 interactors were found to be associated with LARP6 in sub-stoichiometric manner ( Figure 4B ). Accordingly, similar to LARP6, STRAP was found to be enriched in protrusions of all cell types ( Figure S4A ). As the protein interacting partners of LARP6 included several RBPs ( Figure 4A & Dataset S8), we then tested whether the binding of these RBPs, as well as any of the other interactors of LARP6, were mediated indirectly through RNA. Indeed, 380 RNase A treatment of GFP-LARP6 immunoprecipitates resulted in loss of most identified binding partners ( Figure 4C & Dataset S9 ). However, STRAP binding to LARP6 remained unaffected ( Figure 4C & Dataset S9 ), suggesting that it is independent of RNA. Together, these results show that all or most LARP6 molecules are in complex with STRAP through direct protein-protein interactions, suggesting that STRAP is likely to contribute towards LARP6 385 function. 
LARP6 binding to STRAP is critical for its protrusion enrichment and RP-mRNA localization
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Next, we assessed how LARP6 interacts with STRAP. Similar to all LARP family members, LARP6 contains an N-terminal 'La Module' consisted of a La motif followed by an RRM domain, which mediates RNA binding. The C-terminal of the protein, however, differs from other LARP 425 family members as it contains a unique SUZ-C domain that is thought to mediate proteinprotein interactions (Stavraka and Blagden, 2015) ( Figure 4D ). To systematically assess the contribution of each domain towards the protein-protein interactions of LARP6, we generated MDA-MB231 cells stably expressing specific GFP tagged deletion mutants of LARP6 (∆La, ∆RRM, and ∆SUZ-C). We then carried out IP-MS as before to quantify changes in the 430 interactome of LARP6 as a result of each deletion. Removal of either La motif or RRM domain did not result in a significant loss of any known interactors ( Figure S4B &S4C ). However, deletion of the SUZ-C domain significantly reduced LARP6 binding to CDC42BPB and STRAP ( Figure 4E & Dataset S10), suggesting that these interactions are mediated via the SUZ-C domain. 435 In addition to LARP6, STRAP is known to interact with a number of other RBPs such as CSDE1 and multiple SMN complex subunits (Carissimi et al., 2005; Moore et al., 2018) . Interaction of the SMN complex with STRAP is known to regulate its subcellular localization (Grimmler et al., 2005) . We therefore hypothesized that LARP6 subcellular localization could be similarly 440 regulated by STRAP binding. Indeed, depletion of STRAP with two independent siRNAs resulted in loss of LARP6 enrichment in protrusions ( Figure 4F, 4G, & S4D ) and a significant decrease in RPL34 mRNA enrichment in protrusions ( Figure 4H & 4I) . The effect of LARP6 depletion on RPL34 mRNA localization could be rescued by stable expression of an siRNA resistant full-length GFP-LARP6, but not the ∆SUZ-C mutant ( Figure 4J & 4K) . Together, these 445 results suggest that LARP6 binding to STRAP via its SUZ-C domain is critical for its protrusion localization and enrichment of RP-mRNAs.
LARP6-dependent RP-mRNA localization enhances RP synthesis and ribosome biogenesis
Next, we investigated the functional consequence of RP-mRNA targeting to protrusions via 450 LARP6. Our profiling of protein distributions between protrusions and cell-bodies had revealed many translation initiation and elongation factors as ubiquitously enriched in protrusions (Figure 2A) . In fact, time-course analysis of the proteome distribution between protrusions and cell-bodies of MDA-MB231 cells showed that proteins involved in translational initiation and elongation accumulate in protrusions early on ( Figure S5A , S5B, 455 and Dataset S11). We therefore hypothesized that this enrichment could lead to higher local levels of translation, making protrusions function as hotspots for protein synthesis in mesenchymal-like cells. To assess this hypothesis, we mapped the subcellular distribution of translation sites in MDA-MB231 cells using RiboPuromycylation (Bastide et al., 2018) . In this method, a short pulse of puromycin is administered to the cells along with a translation 460 elongation inhibitor such as Emetine. When administered alone, puromycin gets incorporated into the nascent chain, resulting in premature translation termination and release of the puromycylated peptide (Schmidt et al., 2009) . However, in the presence of Emetine, puromycylated peptide remains associated with the stalled ribosome. Subsequent detection of Puromycylated peptides by anti-puromycin antibody results in visualization of the in situ 465 translation sites (Bastide et al., 2018) . We optimized the RiboPuromycylation method so that it could be used concurrently with RNA-FISH ( Figure 5A & S5C) , thus allowing the investigation of whether an RNA of interest is associated with translation sites at a given location. In agreement with the observed accumulation of translation initiation and elongation factors in protrusions, time-course RiboPuromycylation analysis of transwell protruding MDA-MB231 470 cells revealed translation sites to be enriched in protrusions ( Figure 5B & 5C) . Moreover, concurrent staining with RPL34 mRNA-FISH showed that co-localization of RPL34 mRNA with translation sites was significantly higher in protrusions than the cell bodies ( Figure 5B & 5D ), suggesting that localization of RP-mRNAs to protrusions likely increases their translation. 475 Next, we asked whether induction of protrusions increases the synthesis of new RPs. To systematically assess the impact of protrusion formation on translation of RP-mRNAs in the whole cell, we devised a strategy based on pulsed-SILAC (Schwanhausser et al., 2009 ) ( Figure  5E ). Light (L) SILAC labelled MDA-MB231 cells were grown overnight on top of two transwell filters. As before, no media was added to the bottom chamber in order to block protrusion 480 formation whilst the cells adhered to the top. The next day, media on top of the filters was changed to Medium (M) or Heavy (H) SILAC media, followed by addition of the same label media to the bottom chamber of one of the transwells in order to open the pores to the cells and allow protrusion formation. Cells were then allowed to form protrusions for 1, 2, 4, or 8 hours, or left without protrusions for the same length of time as control, before lysis of the 485 whole cell (both sides of the filter together) and mixing of differentially pulse-labelled open and closed pore conditions. Following LC-MS/MS analysis, individual H/M SILAC protein ratio values were quantified as measures of relative translation rates between open pore (with protrusions) and closed pore (without protrusions) conditions ( Figure 5E ). No significant change in translation rates of any protein categories were observed at 1 or 2 hours post 490 protrusion induction (Dataset S12). However, translation of RPs was significantly enhanced after 4 and 8 hours of protrusion induction ( Figure 5F & Dataset S12). RPs were in fact the most upregulated category of newly synthesized proteins, followed by a number of RNA processing related categories ( Figure S5D & Dataset S13). These results demonstrate that protrusion formation acts to enhance translation of RPs. 495 Local translation of RP-mRNAs might selectively increase RP abundance just in protrusions. Alternatively, newly made RPs might translocate into the nucleus and nucleolus in order to interact with maturing rRNAs and thus contribute to ribosome biogenesis (Bohnsack and Bohnsack, 2019) . To distinguish between these two possibilities, we combined our pulsed-500 SILAC strategy with subcellular fractionation of cells into nuclear, membrane, and cytosolic fractions ( Figure S5E ). Newly synthesized RPs, from both with (open pores) and without (closed pores) protrusion conditions, showed a strong accumulation in the nuclear fraction ( Figure S5F & Dataset S14) . In contrast, the majority of pre-existing RPs, which constitute RPs in mature ribosomes, were present in the cytosolic fraction ( Figure S5G & Dataset S14) . These 505 results indicate that similar to the basally translated RPs, most protrusion-synthesized RPs translocate into the nucleus to participate in canonical ribosome biogenesis.
Whilst augmented translation of RP-mRNAs is necessary for increased ribosome biogenesis, newly synthesized RPs are normally degraded if not incorporated into new ribosomes (Lam 510 et al., 2007) . We therefore wanted to test whether enhanced translation of RP-mRNAs upon protrusion induction does indeed result in higher stable levels of ribosomal proteins inside the cells. TMT mediated quantitative proteomics comparison of MDA-MB231 cells, with or without protrusions, revealed that whilst short-term (2 hours) induction of protrusions did not significantly change total RP levels, long-term (24 hours) induction resulted in a significant 515 increase in total RP levels ( Figure S5H & Dataset S15). Category enrichment analysis revealed that in addition to RPs, other protein categories involved in ribosome biogenesis and rRNA processing, as well as translational regulation (translation initiation, elongation, and termination) were significantly upregulated following protrusion induction ( Figure S5I & Dataset S16). In contrast, various mitochondrial and metabolism related categories of 520 proteins showed a significant decrease, suggesting that in addition to upregulation of ribosome biogenesis, a metabolic rewiring program is induced following induction of protrusions ( Figure S5I & Dataset S16).
As an increase in ribosome biogenesis ultimately leads to enhancement of the protein 525 synthetic capacity of the cells, we next tested whether induction of protrusions enhanced overall protein synthesis. We assessed overall protein synthesis rates by pulse-labelling with O-propargyl-puromycin (OPP), a click-chemistry variant of puromycin that similarly labels nascent proteins and can be readily visualized by covalent attachment of a fluorescent addon . Whilst a short-term (2 hours) induction of protrusions did not result in a 530 change in the OPP labelling levels, long-term (24 hours) induction resulted in a significant increase in OPP labelling, indicative of enhanced overall protein synthesis ( Figure 5G & 5H) . Thus, in agreement with the increase in ribosome biogenesis, overall protein synthesis is upregulated following long-term induction of protrusions. We next tested whether the observed increase in ribosome biogenesis and overall protein synthesis following protrusion 535 induction is LARP6 dependent. Depletion of LARP6 by two independent siRNAs inhibited upregulation of RP levels following protrusion induction for 24 hrs (Figure 5I & Dataset S17). Category enrichment analysis revealed that while upregulation of RPs and translation regulation categories was LARP6 dependent, changes in other categories of proteins triggered by protrusion induction were not affected by LARP6 depletion (Figure S5J & Dataset S18). 540 These results suggests that unlike other categories of proteins, upregulation of RPs following protrusion induction is specifically regulated by LARP6. Accordingly, enhancement of protein synthesis rates upon protrusion induction was inhibited upon LARP6 depletion ( Figure 5J &  5K) . Together, these results demonstrate that LARP6-dependent localization of RP-mRNAs promotes their translation, ultimately leading to enhanced ribosome biogenesis and 545 upregulated overall protein synthesis in the whole cell. of OPP staining levels relative to NuclearMask blue. A total of 9 field of view images per condition from experiments shown in (J) were quantified. P-values were calculated using two-tailed, homoscedastic t-test. n.s.: non-significant; ***P<0.001. Red dashes on strip charts represent the mean. ___________________________________________________________________________ 590
LARP6 is important for ribosome biogenesis in mesenchymal-like cancer cells
We next investigated whether LARP6 contributes toward a significant proportion of RP synthesis in highly migratory mesenchymal-like cancer cells. Using SILAC, we quantified the impact of LARP6 depletion on the proteome of actively growing MDA-MB231 cells ( Figure 6A ). Levels of RPs were significantly decreased with two independent siRNAs against LARP6 ( Figure   595 6B & Dataset S19). Category enrichment analysis revealed that while the expression of a number protein categories was modulated upon LARP6 depletion, RPs were amongst the most downregulated categories ( Figure S6A & Dataset S20 ). As availability of RPs is crucial for the processing and maturation of rRNAs during ribosome biogenesis, a substantial decrease in their expression results in accumulation of otherwise transient pre-rRNA transcripts which 600 can be detected by RT-qPCR (Pineiro et al., 2018) . Accordingly, depletion of LARP6 resulted in a significant accumulation of pre-rRNAs that contain the 5′ External Transcribed Spacer (5'ETS) ( Figure 6C ), suggesting that the decrease in RP levels due to loss of LARP6 must be significant enough to hamper rRNA processing. 605 Increased ribosome biogenesis underpins various aspects of malignancy such as enhanced proliferation and invasion (Pelletier et al., 2018) . Thus, we next assessed whether loss of LARP6 compromised growth and invasion of highly migratory mesenchymal-like cancer cells. siRNA mediated depletion of LARP6 significantly reduced the ability of MDA-MB231 cells to invade through 3D Collagen (Figure 6D & 6E) . Knockdown of LARP6 also decreased the 610 viability of MDA-MB231 cells, but this decrease was only significant after longer-term depletion of LARP6 ( Figure S6B ), suggesting that the observed decrease in invasiveness is unlikely to be due to loss of viability. Accordingly, siRNA depletion of LARP6 significantly affected the long-term growth of MDA-MB231 cells as revealed by clonogenic assays ( Figure  6F & 6G) . Interestingly, in contrast to siRNA depleted cells, CRISPR/Cas9 KO clones of LARP6 615 are viable and only mildly, albeit still significantly, affected by loss of LARP6 ( Figure S6C ). As cells undergo long-term selection during isolation of outgrowing single CRISPR/Cas9 clones, it is possible that other mechanisms of RP synthesis have been positively selected for in KO cells, which compensate for loss of LARP6. Recently described transcriptional compensation mechanisms triggered by CRISPR/Cas9 but not RNAi (El-Brolosy et al., 2019; Ma et al., 2019) , 620 may also be at play in this discrepancy.
Enhanced expression of LARP6 in cancer is associated with EMT and can be therapeutically targeted by small molecule inhibitors against LARP6.
Since enhanced ribosome biogenesis is a common feature of most high-grade carcinomas, we 625 wondered whether the LARP6 dependent RP synthesis could be upregulated in certain cancers in order to boost ribosome biogenesis. Mining a published proteomics dataset of protein expression levels in a panel of breast carcinoma cell-lines (Lawrence et al., 2015) revealed LARP6 expression to be mainly detectable in cell-lines belonging to the mesenchymal/low Claudin subtype ( Figure S6D ). This molecular subtype is closely associated 630 with EMT, and is primarily featured in metaplastic breast carcinomas, a rare but highly invasive form of breast cancer with poor prognosis (Taube et al., 2010) . To validate that higher LARP6 protein expression was indeed associated with metaplastic breast cancers, we profiled a panel of human breast tumor tissue samples, composed of both metaplastic and nonmetaplastic invasive ductal carcinomas (IDCs), by Immunohistochemistry (IHC). Overall, we 635 detected three major patterns of LARP6 staining in our tumor samples: negative staining, weakly positive staining, or strongly positive staining ( Figure 6H ). LARP6 strongly positive tumors were significantly enriched amongst the metaplastic carcinomas ( Figure 6I ). In contrast, weakly positive or negative LARP6 tumors were most commonly non-metaplastic ( Figure 6I ). 640 We next investigated whether the expression of LARP6 protein was directly regulated by EMT. In vitro, EMT can be induced by long-term treatment of epithelial-like cells with TGFβ1, or by forced expression of transcription factors such as Snail or Twist, which act as master inducers of EMT (Taube et al., 2010) . Week-long treatment of epithelial-like breast MCF10AT cells with 645 TGFβ1 induced an irreversible EMT phenotype, characterized by upregulation of mesenchymal markers such as Vimentin (VIM) and ZEB1, along with down-regulation of epithelial markers such as E-Cadherin (CDH1) ( Figure 6J ). Crucially, LARP6 protein expression was also upregulated following EMT induction by TGFβ1 ( Figure 6J ). Induction of EMT by overexpression of Twist also enhanced LARP6 expression ( Figure 6K) . Similarly, induction EMT 650 by overexpression of Snail resulted in upregulation of LARP6 ( Figure 6L ), together revealing that independent triggers of EMT all induce LARP6 expression. LARP6 depletion significantly decreases RP levels in MDA-MB231 cells. Changes in protein levels between MDA-660 MB231 cells treated with NT control or two independent LARP6 siRNAs for 72 hrs were quantified and plotted (Dataset S19). Benjamini-Hochberg corrected P-value of decrease in RP levels is reported on the graph. (C) LARP6 depletion results in accumulation of 5'ETS containing pre-rRNAs. RT-qPCR of 5'ETS pre-rRNA in MDA-MB231 cells transfected with NT control or two independent LARP6 siRNAs for 72 hrs. A specific probe against the 5'ETS region, along with a specific probe against GAPDH mRNA as loading control, were used to quantify -ΔΔCT values.
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Average values were calculated from 2 biological replicates, each performed in 3 technical replicates, per condition. Error bars are SD. P-values were calculated using two-tailed, homoscedastic t-test. *P<0.05; **P<0.01. (D) LARP6 depletion hampers the ability of MDA-MB231 cells to invade through 3D Collagen-I. MDA-MB231 cells were treated with NT control or two independent siRNAs against LARP6 for 72 hrs before being subjected to 3D Collagen-I Invasion assay. 5x5 tiled confocal images of fixed, Hoechst stained cells (blue) at different migrated 
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Due to the disproportionate upregulation of ribosome biogenesis in most high-grade cancers, there has been a great interest in developing novel strategies that can therapeutically target 705 this pathway in clinic (Pelletier et al., 2018) . We hypothesized that in cancers with strong EMT features, inhibiting LARP6 could provide a therapeutic opportunity to more specifically target ribosome biogenesis and inhibit malignant growth. In support of this view, induction of EMT in MCF10AT cells enhanced protein synthesis in a LARP6 dependent manner ( Figure S6E &  S6F) . In addition, whilst the viability of parental epithelial-like MCF10AT cells was only mildly 710 affected by LARP6 depletion, viability was considerably reduced in MCF10AT cells that had undergone EMT ( Figure S6G) . These results suggest that transformed cells which have undergone EMT are more dependent on LARP6 for supporting protein synthesis and cellviability. Importantly, recent work has demonstrated that LARP6 can be targeted by specific small molecule inhibitors designed to interfere with its substrate binding. One such 715 compound, named C9, has been shown to inhibit LARP6 binding to the 5′ stem-loop of Collagen-I mRNA at nano-molar (nM) concentrations (Stefanovic et al., 2019) . To test whether C9 could similarly inhibit LARP6 function in the context of RP-mRNAs, we tested the effect of C9 treatment on RP-mRNAs localization to protrusions. Similar to the siRNA mediated knockdown of LARP6, short-term (2 hrs) treatment of MDA-MB231 cells with C9 significantly 720 inhibited RPL34 mRNA enrichment in protrusions ( Figure 6M & 6N) . Unfortunately, long-term treatment of cells with C9 was toxic in a non-specific manner, thus preventing us from assessing its impact on LARP6 dependent regulation of protein synthesis and cell-viability. Nevertheless, these results provide proof-of-concept that LARP6 regulation of RP-mRNAs can be inhibited by small-molecule inhibitors that are designed to target its RNA binding.
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Discussion
Mesenchymal-like cell migration is a highly resource intensive cellular process that requires 730 dynamic expression of large quantities of actin cytoskeletal, cell-adhesion, and extracellular matrix proteins, most of which are amongst the most abundant proteins in the proteome of mammalian cells (Schwanhausser et al., 2011) . Our results here describes a mechanistic link between protrusion formation, which functions as the main driver of mesenchymal-like cell migration, and regulation of ribosome biogenesis, an essential cellular process that defines 735 the protein synthetic capacity of the cells. We demonstrate that as cells protrude into their surrounding matrix, RP-mRNAs become enriched in protrusions, where they come into contact with the locally enriched translation machinery. This results in up-regulation of RP-mRNA translation. The newly synthesized RPs then travel back to the nucleus where they participate in ribosome biogenesis. Ultimately, LARP6 dependent RP-mRNA localization 740 results in upregulation of ribosome biogenesis, leading to enhancement of overall protein synthesis (Figure 7) . We propose that this enhancement acts as a feed-forward mechanism, enabling the cells to then produce large quantities of required proteins to support invasive growth. Importantly, a recent study in mammalian gut epithelial cells also demonstrated that the subcellular localization of RP-mRNAs correlated with their translational output, although 745 the mechanism of this localization was not defined (Moor et al., 2017) . Instead of the frontback polarity observed in mesenchymal-like cells, gut epithelial cells exhibit apical-basal polarity with distinct protein and mRNA compositions associated with each part of the polarized cell. RP-mRNAs were shown to be primarily localized to the basal portion of the cells in fasting mice, but upon feeding they translocated to the apical portion where the translation 750 machinery was also enriched, thus leading to enhancement of their translation in an analogous feed-forward mechanism (Moor et al., 2017) . It remains to be determined whether LARP6, or another LARP family member, is similarly involved in regulation of RP-mRNAs localization in gut cells. Nevertheless, these studies collectively reveal that posttranscriptional regulation by spatial compartmentalization is a previously unappreciated 755 mechanism in controlling RP-mRNA translation and ribosome biogenesis. 
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Up until now, the mTORC1-LARP1 pathway was the only molecular mechanism known to specifically control the translation of RP-mRNAs (Fonseca et al., 2015; Tcherkezian et al., 2014) . LARP1 binds to the 5'cap, 5'TOP, as well as the Poly-A tail of RP-mRNAs (Al-Ashtal et al., 2019) , and is thought to be directly phosphorylated on several residues upon activation of mTORC1 (Fonseca et al., 2018) . A recent model proposes that these phosphorylation 780 events act as a molecular switch, converting LARP1 from a translational inhibitor to activator, thus upregulating the translation of RP-mRNAs and subsequent ribosome biogenesis (Hong et al., 2017) . Our findings here reveal an independent molecular mechanism for translational regulation of RP-mRNAs in synergy with mesenchymal-like cell migration. This suggests that regulation of RP synthesis can be controlled via at least two distinct mechanisms. The 785 interplay between these two pathways under different cellular and environmental conditions remains to be determined.
Hyperactive ribosome biogenesis is a common hallmark as well as a driver of many high-grade cancers (Pelletier et al., 2018; Ruggero and Pandolfi, 2003) . It is now evident that various anti-790 cancer chemotherapies function at least in part by disrupting ribosome biogenesis. Consequently, there has been a surge of interest in identifying more specific ways to target ribosome biogenesis in hope of achieving high anti-tumor activity combined with low genotoxic side effects (Drygin et al., 2011) . We here show that LARP6 expression is strongly upregulated by EMT. Moreover, cells which have undergone EMT are more dependent on 795 LARP6 for their protein synthesis and viability, collectively suggesting that LARP6 inhibition could potentially be used as a therapeutic strategy to inhibit ribosome biogenesis in carcinoma subtypes which exhibit a strong EMT signature. In addition to being more invasive, these subtypes often exhibit a greater resistance to standard chemotherapies, collectively resulting in poorer outcome (Dongre and Weinberg, 2019) . Importantly, we have shown that 800 a small molecule compound named C9 which interferes with LARP6 RNA binding activity (Stefanovic et al., 2019) can also inhibit RP-mRNA localization to protrusions. Although the safety, efficacy, and pharmacological properties of C9 may not be satisfactory for use in clinic, our results demonstrate the plausibility of therapeutic targeting of LARP6 by small-molecule inhibitors in the context of inhibiting ribosome biogenesis in mesenchymal/EMT associated 805 cancer subtypes.
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